In this study, a small ultrasonic motor driven under cryogenic temperature conditions has been fabricated and evaluated.
Introduction
Cryogenic environments provide important measuring conditions in advanced area of scientific research [1] - [3] . The temperature of cryogenic environments is near the liquid helium temperature, i.e., from under 20 to 4.2 K. In cryogenic environments, quantum-mechanical effects control various specific phenomena and these phenomena can be evaluated. Additionally, thermal noise in taking measurements is also very small in such environments [4] .
Cryogenic temperature environments for measuring instruments are generally small in terms of space because otherwise it would be too difficult to maintain such environments. Nevertheless, there has been demand in recent years for actuators that can be rotated at high speed, over 1000rpm, under cryogenic temperature conditions [5] .
Two major types of actuators are currently used at cryogenic temperature. The first has a driving source located outside the cryogenic environment [6] . It has high output power but the actuator system requires a great deal of space, which makes it difficult to maintain extreme environmental conditions. The second actuator is small and wholly located inside the cryogenic environment [7, 8] . It is used in the micro-positioning stage but its applications are limited.
To address these limitations, we have fabricated and evaluated a small ultrasonic motor that was driven under cryogenic temperature conditions. The motor's main feature was that it could rotate at higher speeds -4 -than motors previously developed under these conditions. Ultrasonic motors can generally be easily downsized due to their driving principles [9] - [13] . Some of these have been used in several specific environments [14] - [16] . However, many current motors cannot be rotated under 77 K because their piezoelectric material characteristics at very low temperatures differ from those at room temperature. For example, the piezoelectric constant of PZT at cryogenic temperature is less than about a tenth of that at room temperature [17] . We therefore need a transducer that has high output to accomplish rotation under 77 K due to this decrease. The aim of our research was to achieve a transducer that had high output performance when the piezoelectric constant was decreased at cryogenic temperature.
We focused particularly on transducer performance and the motor's rotation in developing it. The output power of an ultrasonic motor is determined by using many parameters. We produced an ultrasonic motor in our previous research that could be rotated at 4.5 K by designing and assembling the transducer by taking into consideration the thermal compressive stress at ultralow temperature [18] . The performance of the motor generally increases by increasing the performance of the transducer. Therefore, we simulated thermal stress on the transducer, and fabricated and evaluated the transducer for operation at cryogenic temperature. An ultrasonic motor using the transducer, which took thermal stress into consideration was fabricated and evaluated after that.
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The contact pre-load between the rotor and the transducer was adjusted for cryogenic temperature to enable the ultrasonic motor to be driven at cryogenic temperature. As a result, we have succeeded in rotating the motor at 4.5 K. The contact pre-load can be adjusted by varying the number of copper rings. The rotor is driven by traveling waves on the transducer tip and the friction force between the rotor and the transducer tip [19] .
Structure of Motor and Underlying Driving Principles
Velocity sensors, which are made of semiconductors, are generally not effective for the measuring rotation at cryogenic temperature. This is because semiconductor sensors have different characteristics at ultralow temperature from that at room temperature. For example, the resistance value at ultralow temperature becomes three times that at room temperature. Therefore, we fabricated an optical encoder to measure the rotation speed of the motor at such temperatures. The encoder, which was comprised a -6 -reflective optical fiber sensor and a slit disk, is connected to the motor via a pair of optical fiber cables, one within the cryogenic temperature environment and one in a sensing station outside the environment. weight is much less than the contact pre-load generated by the spring.
Bolt-Clamped Langevin-Type Transducer

Design of Transducer
In this study, we fabricated a bolt-clamped Langevin-type transducer. The piezoelectric performance of lead zirconate titanate (Pb(Zr x Ti 1-x )O 3 , PZT) is very poor at cryogenic temperature. A transducer for an -7 -ultrasonic motor and a piezoelectric actuator is generally achieved by using various structures, for example some laminated piezoelectric transducers. An organic bond is used for such transducers to paste both component materials. These organic materials are damaged at cryogenic temperature and the transducers break down. However, a bolt-clamped Langevin-type transducer consists of various ceramics and some metal materials. Bolt-clamped Langevin-type transducers can be used in cryogenic temperature environments because of this. In addition, the transducers also perform well with high levels of vibration because the Q value is large. These advantages enable the transducers to be used at cryogenic temperature.
There is schematic of a transducer in Fig. 3 . It consists of a body, a bolt, a nut, two ring electrodes, four quartered electrodes, and two PZT rings. The PZT rings are 0.2 mm thick and are polarized in the thickness direction. The bolt passes through the ring electrodes, PZT rings, and the quartered electrodes.
The nut is tightly clamped down onto the body and a generated pre-load is applied to the transducer. A sinusoidal voltage with a 90 deg phase difference is applied to each quartered electrode. The transducer therefore generates two flexural vibration modes perpendicularly, and traveling waves are generated on the transducer's tip. This kind of operating principle is called a "mode rotational type" [20] .
The transducer was designed by using commercial package FEM software, ANSYS. The model of this analysis is shown in Fig. 4 , and the results obtained from modal analysis are given in Fig. 5 . The model was meshed by hexahedral element. The mounted area of the flange in this analysis was constrained in -8 -omni-directionally, which was the same as the conditions in use. The transducer was designed to have a node at the flange. An anti-node of the bending vibration generally has maximum bending stress and high output power. Our transducer, on the other hand, is affected by a thermal compressive stress when the temperature is decreased from room temperature to cryogenic temperature. If the transducer has the piezoelectric material at the anti-node of bending vibration, the material will be damaged by these stresses when the temperature decreased. There are piezoelectric materials at node because of this.
Thermal influence on transducer
As mentioned in Section 3.1, a bolt-clamped Langevin-type transducer has a number of advantages that can be used at cryogenic temperature. However, its pre-load is affected by thermal stress generated when room temperature falls to cryogenic temperature. Since this stress damages the transducer's piezoelectric materials, we used FEM thermal-structural analysis to estimate it. In this simulation, we used all the material's coefficients of thermal expansion (CTE) and Young's moduli of metal materials as non-linear material properties with temperature [21] - [24] . The PZT stiffness and Poisson ratio of all materials were used for the value of room temperature because the change in characteristics was small at cryogenic temperature [24] . An example of the material properties used in the simulation is shown in Fig. 6 [23] .
The contact between the two elements that have different materials was modeled as a node shared by -9 -these elements. Figure 7(a) shows an expanded view of the results obtained from simulation when the temperature was lowered from 300 to 60 K. The cross-sectional view at the piezoelectric material is shown in Fig 7(b) .
The maximum thermal stress on the PZT rings was 73.0 MPa of compressive stress when the transducer's temperature fell from 300 to 60 K. The transducer was designed and assembled to prevent the total stress of the transducer from exceeding a failure stress. Figure 8 has photographs of the fabricated transducer. Its diameter, height, and flange diameter corresponded to 6, 16 and 20 mm, respectively. The quartered electrode was cut into quarters after being assembled.
Fabrication of transducer
The clamping torque was estimated to be 0.7 Nm from the result of thermal-structural analysis and the relationship between clamping torque and transducer's admittance [18] .
Evaluation of transducer
The measured distribution for the transducer's vibration velocity is plotted in Fig. 9 . The transducer in -10 -this experiment was supported at its flange. We used a laser Doppler vibrometer to measure the transducer's vibration velocity. The applied voltage and driving frequency were 25 V p-p and 76.10 kHz.
The fabricated transducer had a nodal position at the flange and at the piezoelectric material. The transducer generated the same vibration mode under these conditions as that obtained from the simulation results. Figure 10 plots the relationship between vibration velocity and driving frequency. The maximum velocity was 236 mm/s when the applied voltage and the driving frequency were 50 V p-p and 76.10 kHz.
Driving Performance at Room temperature
We evaluated the relationship between the rotor's contact pre-load applied to the transducer and the rotation speed at room temperature. We measured the rotation speed with a laser surface velocimeter. The contact pre-load is increased due to decreasing the temperature because the elastic coefficient of the material using a spring is increased. The contact pre-load value was determined from the pre-load when the motor was rotated at its lowest temperature, i.e., 0.139 N, from this reason. The value of the contact pre-load was calculated by using spring constant and distance between the bearing and the copper rings.
The contact pre-load was changed by varying the number of copper rings between the spring and the rotor.
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where Ω 0 , J, and τ correspond to the saturated revolution speed, the inertia of the rotor, and the time constant [25] .
The time constant was 9.77x10 -3 s when the applied voltage, electrical current, and contact pre-load were 50 V p-p , 20.8 mA p-p, and 0.168 N. The starting torque was calculated to be 9.1 μNm under these conditions. The torque was small because the motor was designed to be able to be rotated at cryogenic temperature.
Cryogenic Actuator Evaluation System
In this study, we used a cryogenic actuator evaluation system to measure the fabricated motor's specifications at cryogenic temperature. There is a schematic of the system in Fig. 12 , which consists of -12 -an insert system and a liquid helium tank.
The insert system, which is rod-like in shape and inserted into the liquid helium tank, has 10 electronic terminals and one pair of optical terminals. A sample (e.g., motor) is mounted on the tip of the insert system. Figure 13 shows our motor mounted on it. The tip of the insert system has a heater and a temperature sensor; we used the latter to measure the temperature in our experiments. The cryogenic temperature was obtained by using helium gas in the liquid helium tank. The more the helium gas temperature is lowered, the closer to a liquid helium state it becomes. The motor's temperature is controlled by the insert system's position and fine tuned by using the heater.
Driving Performance at Cryogenic Temperature
We measured the ultrasonic motor's driving performance at cryogenic temperature. The temperature was obtained with the cryogenic actuator evaluation system shown in Fig. 12 . The rotation speed ins this study
was measured with the fabricated optical encoder shown in Fig. 1 .
Since Young's modulus increases at low temperature and has non-linear characteristics at cryogenic temperature, the motor's spring constant increases. The shrinkage ration of the spring and casing is much smaller than the increasing ratio the spring constant. The contact pre-load increases at cryogenic temperature. We evaluated the relationship between the rotation performance and the contact pre-load in -13 -this study. The contact pre-load was adjusted by varying the number of copper rings. The ring's thermal shrinkage was found to influence driving performance much less than the increased spring constant. Figure 14 plots the relationship between the motor's contact pre-load to the transducer and the lowest rotatable temperature when the applied voltage was 50V p-p . The lowest rotatable temperature was defined as the temperature at which the motor could rotate continuously. The contact pre-load value was that adjusted for room temperature. The resonance frequency of the transducer differed at each temperature because the Young's moduli of all materials increase as the temperature falls. Therefore, we adjusted the driving frequency at each temperature.
The lowest rotatable temperature under these conditions was found to depend on the contact pre-load.
The contact pre-load value at which the motor can be rotated has narrow range at cryogenic temperature because the performance of the transducer degrades at cryogenic temperature. In addition, the contact pre-load value at cryogenic temperature is larger than that at room temperature because the spring constant is increased due to decreasing temperature. Therefore, it was necessary to adjust the contact pre-load for cryogenic temperature. 
Conclusions
A cryogenic ultrasonic motor designed to operate at cryogenic temperature was fabricated and evaluated in this study. The motor's primary component was a bolt-clamped Langevin-type transducer for cryogenic temperature. To produce the transducer, we simulated its thermal stress with thermal structural analysis.
The maximum thermal stress was found to be 73.0 MPa when the temperature fell from 300 to 60 K. We used this in designing and assembling the transducer.
We evaluated driving performance of the motor by evaluating the contact pre-load between the rotor and -15 -the transducer. The maximum rotation speed and starting torque were 695.6 rpm and 9.1 μNm at room temperature when the applied voltage and contact pre-load were 50 V p-p and 0.168 N.
We evaluated the relationship between the contact pre-load and the lowest rotatable temperature to achieve a motor that could be operated at cryogenic temperature. The results obtained were used in adjusting the contact pre-load for cryogenic temperature.
We have succeeded in driving the motor at cryogenic temperature. The rotation speed and starting torque were 133 rpm and 0.03 μNm at 4.5 K when the applied voltage and the contact pre-load were 50 V p-p and 0.139 N.
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